Abstract: Polymer-cement composites (PCCs) are materials in which the polymer and mineral binder create an interpenetrating network and co-operate, significantly improving the performance of the material. On the other hand, the need for the utilization of waste materials is a demand of sustainable construction. Various mineral powders, such as fly ash or blast-furnace slag, are successfully used for the production of cement and concrete. This paper deals with the use of perlite powder, which is a burdensome waste from the process of thermal expansion of the raw perlite, as a component of PCCs. The results of the testing of the mechanical properties of the composite and some microscopic observations are presented, indicating that there is a possibility to rationally and efficiently utilize waste perlite powder as a component of the PCC. This would lead to creating a new type of building material that successfully meets the requirements of sustainable construction.
Introduction
The utilization of the waste materials for the production of building composites is required for sustainable development in construction [1] ; results of the Life Cycle Analysis proved the effectiveness of this kind of solutions [2, 3] . Such wastes are, for example, fly ash or blast-furnace slag [4] [5] [6] , used over the years in the production of cement and concrete. Recently, the need for utilization of the other waste materials, such as perlite powder, has arisen. The subject of this paper is evaluation of the possibility of use of waste perlite powder as a component of polymer-cement composites (PCCs).
Perlite is a material of volcanic origin. It is thermally treated in order to obtain its expanded form, which has several advantageous properties such as low thermal conductivity and a high ability of absorbing liquids and gases in combination with low density. Expanded perlite is commonly used as a component of lightweight concretes and heat-insulating plasters and mortars as well as various types of thermal and acoustic insulations [7] . However, during the treatment of natural perlite, a large amount (5%-10% of the product) of powder is created. Having fine particles (below 50 µm in diameter) and very low bulk density (usually at the level 100 kg/m 3 ), the waste perlite powder is onerous and expensive in storage and is possibly re-processing. The annual world production of expanded perlite is about 1.7 million tons; an average production facility generates annually about 3-8 thousand cubic meters of perlite powder and the estimated volume of the annual production of this waste in Poland is about 20-25 thousand cubic meters [8] . The storage capability of the Polish perlite production facilities is now mostly exhausted. At present, only a very small amount of perlite powder is recycled, mainly by adding it to perlite with a coarser grain size, which leads to a worsening of product quality. Thus, there is a need for finding other ways of the utilization of waste perlite powder.
Many studies have been done on the performance of expanded perlite as a replacement for the part of the aggregate in concrete. These works have covered thermal conductivity and mechanical
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The Scope of Investigation and Materials Used
The first part of the investigation covered the characterization of waste perlite powder. Chemical composition, bulk density, and granulometry of the perlite powder were determined.
Then, tests were carried out on polymer-cement mortars containing waste perlite powder, with a binder-to-sand ratio equal to 1:3 by mass and a water-to-binder ratio equal to 0.5. The components of the PCCs were as follows:
• Portland cement CEM I 42.5R according to European Standard EN 197-1 "Cement-Part 1: Composition, specifications and conformity criteria for common cements" [30] The reference material was unmodified, standard Portland cement mortar according to European Standard EN 196-1 (a cement-to-sand ratio equal to 1:3 and water-to-cement ratio equal to 0.5). The polymer-to-cement ratio in polymer-cement mortars was 0.05, 0.10, and 0.20 (by mass). For each level of polymer content, the cement was substituted by 0% to 25% (by mass) of waste perlite powder. The mixture compositions are presented in Table 1 . The selected properties of polymer-cement mortars containing waste perlite powder include flexural strength, tensile strength, and compressive strength, which were determined after 28 and 90 days of curing. The activity index of the perlite powder was also determined. The activity index of the waste perlite powder, according to European Standard EN 450-1 [32] "Fly ash for concrete-Part 1: Definition, specifications and conformity criteria", is the ratio of the compressive strength of standard mortar, prepared with 75% cement and 25% investigated material by mass, to the compressive strength of standard mortar, prepared with 100% cement, when tested at the same age. Additionally, the maximum elongation at tension was determined after 28 and 90 days of curing, and the density of the mortars was determined after 90 days of curing in order to analyze the relation between the density and the strength of the composite. 
Preparation of Specimens and Methods of Testing
The tests of flexural strength and compressive strength of the mortars were conducted using prism specimens with dimensions 4 × 4 × 16 cm 3 , prepared according to European Standard EN 196-1. The same specimens were used to determine the density of the mortars. For tensile strength and elongation testing, the "eight-shaped" specimens of the mortars were prepared according to Polish Standard PN-B-04500 [33] "Mortars-Testing of mechanical properties".
The mixed regime of curing, as it is generally recommended for PCCs [34] , was applied for the polymer-cement mortars: the specimens were tightly covered with plastic sheet for 1 day, demolded, immersed in water at a temperature of 20-22 • C for 5 days (for promotion of cement hydration), and then stored in a laboratory air-dry environment at a temperature of 20-22 • C and with 60% ± 5% relative humidity (for promotion of polymer hardening) until testing. The reference cement mortars (without the polymer) were cured under water with a temperature of 20-22 • C, according to European Standard EN 196-1.
The chemical composition of tested perlite powder was determined via wavelength dispersive X-ray fluorescence (WDXRF). The bulk density of the powder was determined via the gravimetric method, and the granulometry of the powder was determined by the use of the laser scattering method.
The flexural strength, tensile strength, elongation, and density of the mortars were determined according to Polish Standard PN-B-04500, while compressive strength was determined according to European Standard EN 12190 [35] "Products and systems for the protection and repair of concrete structures-Test methods-Determination of compressive strength of repair mortar". A computer-controlled testing machine was used. A laser optical microscope and a high-resolution electron scanning microscope were employed for obtaining microscopic images.
Results and Discussion
Characteristics of the Waste Perlite Powder
The chemical composition of the waste perlite powder is presented in Table 2 . For comparison, the chemical composition of the Portland cement used in testing is also presented. The two materials differ significantly in the content of the main constituents. The waste perlite is composed mainly of SiO 2 and Al 2 O 3 , while the dominant constituent of cement is CaO. Grain size distribution of the waste perlite powder is presented in Figure 1 together with the grain size distribution of the Portland cement used in testing. The mean diameter of the grains of the waste perlite was 37 µm, and 90% of the grains had a diameter (D 90 ) below 59 µm. The mean diameter of the grains of the cement was 13 µm, and 90% of the grains had a diameter (D 90 ) below 22 µm.
The microscopic observation showed that the perlite powder particles are in the shape of plates, flakes, fragments of spheres, and other irregular forms, which together create irregular particles ( Figure 2 ). Such morphology of the waste perlite powder results negatively in two ways. Firstly, the developed amorphous structures may deteriorate the workability of the concrete or mortar mix. This can lead to a less uniform and therefore worse compacted structure of hardened material and, consequently, to the deteriorated mechanical performance of the composite. Secondly, the material itself characterizes with a very low value of bulk density, which has been determined to be equal to 92 kg/m 3 , so the waste requires enormous space for storing. Thus, the application of even a small (by weight) amount of perlite powder in the composite is the utilization of a large volume of expensively stored waste. 
Test Results of the Polymer-Cement Mortars Containing Waste Perlite Powder
The investigation of PCC mortars with waste perlite powder covered a determination of compressive, flexural, and tensile strength as well as maximum elongation at tension, after 28 and 90 days of curing. Because the light weight is an advantage of the PCCs containing perlite powder, the density of the mortars was determined. The test results are presented in Figures 3-7 .
The compressive strength of the tested composites decreases with an increasing amount of polymer, which is not surprising since polymers delay the hydration of cement [36] . The introduction of waste perlite powder at a content value of up to 15% of the cement mass causes a slight decrease in the compressive strength of PCC mortars. With such an amount of waste, the 28-day compressive strength (Figure 3a ) is reduced by 5%-10% as compared with the mortar without perlite. A larger amount of waste leads to a sharper decrease in compressive strength; when the content value of the perlite is 20%, the reduction in compressive strength significantly exceeds 20%. The 90-day compressive strength (Figure 3b ) is reduced by about 15% when the content value of waste perlite is 15%, while at a content value of 20% the reduction reaches almost 30%.
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The density of the investigated PCCs decreases with increasing content values of polymer and waste perlite powder (Figure 7a ). The flexural strength to density ratio shows a favorable maximum when the content value of the waste perlite is approximately 15% (Figure 7b ).
(a) (b) An important advantage of perlite powder is its ability to suppress the deleterious expansion induced by a alkali-silica reaction, confirmed in experimental investigations [18] ; it is assumed that the effectiveness of expanded perlite is based both on pozzolanic activity and on the space provided for the gel accommodation due to its porous nature. These assumptions can be fully adopted to the waste perlite powder due to its pozzolanic ability and the morphology of its particles, analyzed in this paper.
SEM Observations
The subject of the scanning microscope observations was the microstructure of the PCCs containing waste perlite powder as the partial replacement for cement. The microstructure of the PCCs containing 10% waste perlite powder (in relation to cement mass) is presented in Figure 8 . At a lower amount of polymer, the microstructure of the composite is less uniform. The addition of a larger amount of the polymer modifier makes it more homogenous, with a uniformly dispersed polymer network. The microstructure of the polymer-cement paste is presented in Figure 9 ; the perlite powder particles of irregular shape are embedded into the polymer film. This can cause the additional delaying in the pozzolanic action of perlite; however, on the other hand, more homogenous structure compensates, to some extent, for this negative effect. An important advantage of perlite powder is its ability to suppress the deleterious expansion induced by a alkali-silica reaction, confirmed in experimental investigations [18] ; it is assumed that the effectiveness of expanded perlite is based both on pozzolanic activity and on the space provided for the gel accommodation due to its porous nature. These assumptions can be fully adopted to the waste perlite powder due to its pozzolanic ability and the morphology of its particles, analyzed in this paper.
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The subject of the scanning microscope observations was the microstructure of the PCCs containing waste perlite powder as the partial replacement for cement. The microstructure of the PCCs containing 10% waste perlite powder (in relation to cement mass) is presented in Figure 8 . At a lower amount of polymer, the microstructure of the composite is less uniform. The addition of a larger amount of the polymer modifier makes it more homogenous, with a uniformly dispersed polymer network. The microstructure of the polymer-cement paste is presented in Figure 9 ; the perlite powder particles of irregular shape are embedded into the polymer film. This can cause the additional delaying in the pozzolanic action of perlite; however, on the other hand, more homogenous structure compensates, to some extent, for this negative effect. 
Summary and Conclusions
The need for utilization of the waste materials as the components of the building materials is a demand of sustainable construction. Waste mineral powders, such as fly ash or blast-furnace slag, are successfully used for the production of cement and concrete. Perlite powder is a burdensome waste substance from the process of thermal expansion of the raw perlite. Due to its very low bulk density, the material is difficult for storage. Because of some pozzolanic ability, it was considered a partial substitution for cement in building materials. In this paper, a possibility of the utilization of waste perlite powder for the manufacture of PCCs is presented. The test results show that  replacing up to 15% of the cement (by mass) with perlite powder does not cause significant deterioration in mechanical performance of the PCC;  replacing part of the cement with perlite powder decreases the density of the composite-the favorably highest ratio of strength to density can be observed at 15% content value of perlite powder, irrespective of polymer content;  the presence of a polymer modifier makes the microstructure of the composite more homogenous, which can compensate for the delay of pozzolanic action of the mineral addition and foster a rational and efficient utilization of the waste;  further investigation should be focused on the development of suitable technology of the manufacture of polymer-cement products containing waste perlite powder. 
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• replacing up to 15% of the cement (by mass) with perlite powder does not cause significant deterioration in mechanical performance of the PCC; • replacing part of the cement with perlite powder decreases the density of the composite-the favorably highest ratio of strength to density can be observed at 15% content value of perlite powder, irrespective of polymer content;
• the presence of a polymer modifier makes the microstructure of the composite more homogenous, which can compensate for the delay of pozzolanic action of the mineral addition and foster a rational and efficient utilization of the waste; • further investigation should be focused on the development of suitable technology of the manufacture of polymer-cement products containing waste perlite powder.
